temperatures of 2-20°C. The repair/substrate bond strength is independent of the compressive strength of the repair material at all temperatures of repair application. Microwave curing can accelerate the concrete repair process and facilitate construction activity in cold weather.
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Introduction
Most repairs to concrete structures are applied as patch repairs. They are classified as non-structural or cosmetic repairs when load carrying capacity is not required and structural repairs when they carry load [1] . Emmons [2] provides a detailed description of the various stages involved in the execution of a patch repair. The mechanical properties considered during selection of repair materials for structural patch repairs include compressive, tensile and flexural strength. These should be compatible with the substrate concrete in order to provide efficient structural interaction [2] . In addition, the substrate/repair interfacial bond strength is critically important for the durability of a patch repair and its load sharing capability with the substrate. Bond failure at the interface is the cause of most patch repair failures. The Concrete Society Technical Report 38 (CSTR 38) [3] recommends a minimum bond strength of 0. 8 MPa, based on the pull-off test. High early age strength development is often required of repairs to structures such as airport runways, bridge decks and car parks to minimise delays, disruption and financial loss to the users and owners of such structures. Accelerated curing, either by applying heat or using special repair formulations, is required since cementitious materials, under normal ambient curing, can take over 24 h to harden and several days to develop sufficient strength [4] . The heat curing methods used in current practice, such as open flame heaters, are unsuitable for modern construction. Cold weather repair application is another example in which high early age strength is required to avoid the detrimental effects of freezing on long-term compressive strength and durability. If concrete is subjected to freezing immediately after mixing, setting will be suspended. When, at a later age, thawing occurs, the concrete will be able to set and harden without significant loss of strength provided revibration takes place immediately after thawing [5] . If concrete is allowed to first set without achieving sufficient strength and then freeze, its later age strength will be reduced due to damage caused by expansion during formation of ice. If, on the other hand, concrete is able to achieve sufficient strength (approximately 3.5 MPa [6] ), it will be able to resist the damage caused by one cycle of freezing and thawing. However, in practice it is difficult to determine when concrete has achieved sufficient strength prior to freezing since its setting and hardening are considerably influenced by temperature [5] .
The effect of thermal curing on the repair-substrate bond strength is also of particular concern as this is the weakest link in the repair patch system where failure can initiate in the long term. Thermal curing, especially when it is non-uniform, results in some reduction in long term strength [7] .
Microwave curing is ideally suited to provide accelerated strength development of repair patches in both normal and cold weather conditions. It provides relatively uniform heating from within a repair patch without temperature gradients. The temperature can be controlled to provide optimum curing and minimise deleterious effects on hydration products and microcracking. It reduces setting time and increases early age strength of cement based repair materials [4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] thereby preventing disruption and delays by shortening the required curing time of patch repairs in concrete structures such as bridge decks and airport runways.
The durability of patch repair systems is a serious concern as most structure owners are dissatisfied with repairs within 10 years of application [18, 19] . The bond between the repair patch and the substrate is usually the weakest link, which is compromised. The effect of aggressive environment conditions, such as freezing weather at early age, and the use of uncontrolled thermal curing with traditional methods on site can be damaging to the bond strength. This paper is part of the research programme which aims to develop the potential of early age microwave curing for accelerating the concrete repair process in all weather conditions, preventing disruption to construction activity in cold weather and provide durable repair. It investigates the effect of up to 45 min of microwave curing fresh patch repair on its long term (28 days) interfacial bond strength when the repair is applied at different ambient temperatures. The patch repair was applied under ambient temperatures of -5, 2, 10 and 20°C. Each ambient temperature was maintained for 24 h from the time of mixing the repair material to allow sufficient time for its full effect on the repair during its early period of strength development when it is most vulnerable to durability attack. After 24 h the repaired concrete specimens were cured in water at 20°C, until 28 days age. The 28 day compressive strength of the repair patch was also determined under these exposure conditions. There is no published data available on the effect of microwave curing on the bond strength of patch repairs applied under different ambient temperatures.
This paper is part of a larger research project funded by the European Commission on microwave curing of patch repair and to develop a prototype system for in situ curing of concrete patch repairs (FP7 MCure project). The prototype has been successfully tested on 1 m 9 1 m patch repairs and is being taken to the next stage of commercial development.
Experimental procedure
Test programme
The effect of microwave curing on the bond strength between concrete substrates and various commercial repair materials was determined in a laboratory investigation. Halves of 100 9 100 9 100 mm substrate concrete cubes were placed in moulds and the top half of the mould was filled with a repair material to form a 100 mm composite cube. The composite cube, therefore, was composed of equal halves of substrate and repair material. The test programme is given in Table 1 . The half-cube ''repairs'' were applied at ambient temperatures -5, 2, 10 and 20°C with four repair materials. The compressive strength of the substrate cubes ranged between 48.5 and 58 MPa.
Repair materials
Three proprietary repair materials and a standard mortar composition were used in the investigation. Properties of the repair materials are given in Table 2 . Material 1 was a rapid hardening, shrinkage compensated material containing fly ash. Materials 2 and 3 were polymer modified cement mortars, shrinkage compensated and fibre reinforced. They represented a low and high density material respectively. Material 4 was a standard 1:2 (by weight) mortar composition with w/c of 0.5. The constituents were CEM II/A-L 32.5 N Portland-limestone cement [20] and coarse sharp sand (50% passing 600 lm).
Microwave curing and temperature conditioning equipment
A Sharp Model R-2370 commercial microwave oven of 1320 Watts capacity, 2.45 GHz frequency was used for curing the repaired specimens. The power was controlled in 10% increments. The microwave oven was calibrated according to ASTM F1317 [21] and BS 
Introduction
The main parameters of the substrate which affect repair performance are its stiffness (elastic modulus), shrinkage and creep relative to the repair patch. High shrinkage of the substrate reduces the differential shrinkage of the repair patch and prevents shrinkage cracking. Similarly low stiffness of repair patches relative to the substrate is recommended in practice to prevent cracking [2] . In practice a substrate can be decades old when a repair patch is applied. Its creep and shrinkage have stabilised by this time and maximum elastic modulus has been developed. The high stiffness, shrinkage free substrate aids crack prevention in a new repair patch by reducing tensile stresses at the repair interface due to differential shrinkage. The decades old substrate has been simulated in the research reported in this paper by preparing a high strength concrete substrate (w/c = 0.4, strength and elastic modulus approximately 58.0 MPa and 36 GPa respectively) which consequently has a higher elastic modulus than all the repair materials investigated. The shrinkage of the substrate is stabilised by curing the specimens in water for 28 days before the application of repair and subsequently for 27 days when bond tests were conducted. Creep effects were also absent since negligible stress was induced at the repair interface. The research reported in this paper, however, is concerned with the bond strength between the repair patch and the substrate. Bond strength is also of fundamental importance in the performance of repair. This property was investigated by isolating other effects such as shrinkage.
Substrate specimen preparation
Cube specimens of high strength substrate concrete (48.5-58 MPa, Table 1 ) were made using CEMII/A-L 32.5 N Portland-limestone cement [20] , coarse sharp sand (50% passing a 600 lm sieve) and uncrushed river gravel (maximum size of 10 mm) with w/c of 0.4. The mix was designed according to the BRE guide [23] . Four 100 mm size cubes per mix (Table 1) were cast in steel moulds and compacted on a vibrating table. Special care was taken to keep the trowelled face of the cubes smooth and level. The compacted specimens were covered with plastic sheets and kept in a laboratory environment (20°C, 60% RH) for 24 h after mixing. The specimens were then de-moulded and cured in water at 20°C for 27 days. At 28 days age the 100 9 100 9 100 mm substrate cubes (4 per mix, Table 1 ) were cut in two halves using a masonry saw. The orientation of the cutting plane was parallel to the trowelled face of the cubes. The cut faces were then grit blasted for 1 min.
The eight sawn and grit blasted substrate cube halves per mix (Table 1 ) (100 9 100 9 50 mm prisms) were placed in a water tank (temperature 20°C) until the application of the repair. Before the application of repair to the half-cube of substrate, all the components were conditioned to the ambient ''repair temperatures'' given in Table 1 , as described in Sect. 2.4.3. 
Temperature conditioning and composite cube preparation
The constituents of each repair material mix and the substrate concrete halves (100 9 100 9 50 mm prisms) were kept in the environmental chamber overnight prior to mixing in the laboratory. The chamber was set at 20, 10, 2 and -5°C respectively to regulate the temperature of the repair mix constituents and the substrate cube-halves to the ''repair temperatures'' given in Table 1 . The temperature conditioned materials were transferred to the laboratory (20°C, 60% RH), mixed and composite cubes of the repaired substrate were cast immediately. At the time of casting the repair, the saturated and temperature regulated substrate halves (100 9 100 9 50 mm prisms) were placed inside polystyrene moulds with their sawn, grit blasted and saturated surface dry face upwards. The top halves of the cubes were then ''repaired'' by filling the moulds with each of the four ''temperature conditioned'' repair mortars and compacted on a vibrating table. The ''repaired'' cubes were then covered and transferred back to the environmental chamber to maintain their overnight regulated temperature. Half an hour after the repair application, 50% of the repaired specimens (4 composite cubes per repair material) were removed from the environmental chamber and microwave cured. Microwave curing was applied for 45 min at 132 Watts to achieve curing temperatures within the optimum range of 40-45°C, as determined by Mangat et al. [24, 25] . Immediately after microwave curing, the composite cubes were covered and returned to the environmental chamber where the control samples of composite cubes made with each repair material had remained since the application of repair. The environmental chamber temperature remained pre-set at 20, 10, 2 and -5°C, respectively for Series 1-4 tests. All the composite cubes (both normally and microwave cured) were removed from the environmental chamber after 24 h, de-moulded and cured in water at 20°C for 27 days. Tensile split tests were performed on the composite cubes at 28 days age of the repair patch (the substrate was 56 days old).
In real practice, for any given ambient temperature and substrate volume, the required microwave power will be applied to a freshly applied repair patch to reach the target curing temperature in a given time. The whole repair patch including the interface zone of the substrate will get heated. During microwave heating, the repair patch will develop some strength which may subsequently enable it to resist frost attack under sub-zero temperature exposure.
This situation has been simulated in the laboratory investigation albeit in reality the in situ substrate/repair patch volume ratio may be much greater than the ratio of unity used in the reported tests. Subsequent to 45 min of microwave curing to a temperature of about 40°C, the specimens were transferred to the environmental chamber for 24 h. The chamber was set at the pre-determined ambient temperature of 20 to -5 o C ( Table 1) . Cooling of the specimens occurred mainly from the top surface plus loss of heat to the substrate. However, the fairly small volume of the microwave cured repair patches (100 9 100 9 50 mm) in the laboratory specimens cooled down fairly rapidly to the ambient temperature of the environmental chamber. Consequently, during the 24 h post-microwave curing period, the specimens were predominantly at the ambient temperature of the chamber. The polystyrene mould faces provided greater insulation than potential insulation from repaired concrete substrates on site and the effect of different substrate/repair volume ratios on the rate of cooling of the microwave cured repair is likely to be different. However, the effect of fairly rapid cooling after microwave curing has been effectively simulated in the tests reported in the paper. The extrapolation of the results to the field will primarily be concerned with the microwave power required on site to produce the same target temperature of curing achieved in the laboratory. This is discussed in Sect. 3.7.
Testing
Tensile split test
Bond strength was determined by the tensile split test on the composite cubes according to BS EN 12390-6 [26] , as shown in Fig. 1 . The load (P) applied on two diametrically opposite generatrices produces vertical compressive and horizontal tensile stresses at the centre of the cube as follows [26] [27] [28] :
where, r y max is the maximum local vertical compressive stress at the centre of the composite cube (MPa); r x max is the maximum horizontal tensile stress at the bonded interface of the composite cube (MPa); P is the compressive load on the cube (N); L is the height of the composite cube (mm). Equation 2 is used to calculate the tensile splitting strength (bond strength), r x max , at the maximum (failure) load, P.
Compression test
The compressive strength of both the repair material and substrate prisms (100 9 100 9 50 mm), which separated after the tensile split test, was determined. The crushing load was applied in the same direction as the splitting test.
Results and discussion
Microwave curing temperature
The top surface temperature of each cube was monitored with a Flir i7 thermal camera at regular intervals during 45 min of microwave curing. The temperatures at the centre of the surface are plotted in Fig. 2 for four ''repaired'' cubes of a repair material. Typical temperature variation between the four specimens was up to 12%. This is due to the surface temperature variations which have been reported elsewhere [24, 25] and also due to the location of each of the four cubes within the microwave oven. The average temperature of the four cubes per each repair material is used in future discussion.
Type of bond failure
All failures for both normally and microwave cured samples of all Series (1-4, Table 1 ) occurred at the bonded interface between the substrate and the repair material. A typical example of the two halves obtained after the splitting test is shown in Fig. 3 . This yielded visually undamaged interface surfaces between the substrate and repair halves of each cube.
Effect of microwave curing on bond strength
Details of all bond strength results are shown in Table 3 and Fig. 4 . The bond strengths are the average of four composite cube specimens per repair material.
3.3.1 Bond strength at ''repair temperatures' ' 20, 10 and 2°C
The graphs in Fig. 4 and their corresponding data in Table 3 show that microwave curing applied under ''repair temperatures'' of 20, 10 and 2°C did not significantly affect the repair/substrate interfacial bond strength (Series 1, 2 and 3 tests) at 28 days age compared with the normal cured specimens. Table 3 shows that eleven of the twelve mixes of Series 1, 2 and 3 show an increase of ?10 to -11% giving an average increase of 0.5%. The remaining mix (Series 3, Material 3) shows a decrease of 21% which is L = 100 mm
Substrate concrete
Repair material Table 4 [29] shows that they mostly fall within the ''excellent'' range for both normally and microwave cured specimens. The tensile bond strength of the normally and microwave cured CEM II Mortar (Material 4) with the substrate ranges between 1.4 and 1.9 MPa for the ''repair temperatures'' of 20, 10 and 2°C (Fig. 4) . These are consistently and significantly lower than the bond strengths developed by the commercial Repair Materials 1, 2 and 3 at these temperatures (1.9-2.75 MPa). Figure 4 shows that 45 min of microwave curing applied under the ''repair temperature'' of -5°C (Series 4 tests) produced significantly higher bond strengths than normal curing at -5°C for all repair mortars. The normal cured repairs suffered very considerable loss of bond due to early age freezing. Repair Material 1 and the CEM II Mortar performed particularly well with their microwave cured bond strengths being similar to the values achieved at ''repair temperatures'' of 20, 10 and 2°C. In fact the microwave cured CEM II Mortar applied at -5°C has a higher bond strength (2.15 MPa) than the CEM II Mortar applied at 20, 10 and 2°C (1.4-1.9 MPa). A comparison with the classification provided in Table 4 shows that with the exception of Repair Material 2 all other microwave cured materials fall within the ''very good'' and ''excellent'' category of bond strength. The corresponding normally cured materials were in the ''fair'' category. 
Bond strength at ''repair temperature'' -5°C
C2.1 Excellent
The bond strength of the microwave cured Repair Material 2, applied at -5°C, is significantly lower than its bond strength when applied at 20, 10 and 2°C. The bond strength of microwave cured Material 2 decreased from the range (1.9-2.7 MPa) to 1.3 MPa under -5°C repair application.
Effect of microwave curing on prism compressive strength
The strengths of the 100 9 100 9 50 mm prisms of repair mortars are shown in Table 5 and Fig. 5 . The compressive strength of the 100 9 100 9 50 mm prism test specimens is less than the cube crushing strength due to the size effect and height/width ratio of the sample. The two are comparable if correction factors are applied [5] . The correction factor is influenced by the strength, size and shape of the test specimen. However, the aim of this investigation was to study the effect of microwave curing relative to normal curing rather than evaluating the absolute cube strength.
The variation in 28 day compressive strength of microwave cured repairs applied under ''repair temperatures'' of 20, 10 and 2°C, relative to normal curing, ranged between ?7 and -18% ( Table 5 ). The variation was fairly randomly distributed for each of the four repair materials. The average was a reduction in strength of microwave cured specimens relative to normal curing of 6.75% for the twelve mixes of series 1, 2 and 3, which is similar to other reported results [14] . This reduction may be due to the short period of high temperature curing at early age provided by microwave exposure, similar to the effect of high temperature curing by conventional methods on the long term strength of concrete. Concrete develops less dense products of hydration under higher temperature curing, leading to lower long term strength [5] . However, the average reduction of 6.75% under microwave curing is less than the typical reduction in 28 day strength of 10-15% observed under steam curing [8] and 10-20% reduction observed with the hot-mix method when either the constituents are heated prior to mixing or steam is injected in the mixer [5] . The lower reduction in long term strength with microwave curing may be due to lower temperature of curing (about 40°C) and, therefore, denser hydration products compared with curing temperatures of 60-70°C produced in concrete by steam curing and heating of mix constituents. Porosity and pore structure of microwave cured concrete is also being investigated by the authors' ongoing research, to determine its relationship with strength. Microwave curing provided significantly higher compressive strength than normal curing for repairs applied at -5°C. The increase was 12, 44 and 133% for 3 out of 4 repair materials. The CEM II Mortar (Material 4) showed a modest increase of 3%. However, the 28 day compressive strength of repairs applied at -5°C was less than the repairs applied under higher ''repair temperatures'' of 2-20°C, thereby indicating some effect of freezing. 45 min of microwave curing to a temperature of about 40°C of repairs applied at sub-zero ambient temperature have resulted in higher bond and compressive strength than the strength of control specimens which were not exposed to microwave curing. Microwave curing was applied to the fresh repair after 30 min of application. The increase in strength is due to the heat provided to early age repair by microwave curing. It is known that curing temperature of concrete before it is exposed to frost attack at an early age has a significant effect on its longer term strength [5] . Early age heating by microwave curing has accelerated the hydration of cement, resulting in a reduced amount of water available for freezing in the pore structure. It has also provided sufficient strength to the matrix to withstand subsequent exposure to freezing during 24 h of sub-zero temperature. According to ACI 306R-10 [6] on cold weather concreting, if concrete is able to achieve sufficient strength (approximately 3.5 MPa), it will resist damage caused by one cycle of freezing and thawing. The effects of frost attack are not relevant for repair application above freezing temperatures and the effects of high temperature curing by microwaves become predominant. Early age strength increases as curing temperature increases, due to accelerated hydration, but with some loss of long-term strength. The reduction in long term strength is higher with increasing curing temperature. 2 and 3 tests, Fig. 6a ). The bond strength of the commercial Repair Materials 1, 2 and 3 remains reasonably constant at (1.90-2.75) MPa for the wide range of prism strengths (21-67) MPa. This is because repair materials are specially formulated by the manufacturers to provide maximum bond strength while tailoring the compressive strength to specific applications for different classes of repair materials given in BS EN 1504-3 [30] . The bond strength of the CEM II Mortar (Material 4), for both normal and microwave curing, falls significantly below the data of the other repair materials in Fig. 6a . The graphs for ''repair temperature'' of -5°C, in Fig. 6b , show that under microwave curing, three of the four repair materials (Material 1, 3 and CEM II mortar, Table 3 
Extrapolation of the results to the field
The extrapolation of the results to the field will primarily be concerned with the power required to produce on site the same target temperature of microwave curing as achieved in the laboratory, under the actual ambient conditions and repair patch properties encountered on site. This aspect has been addressed by developing an analytical approach and a Fixed Time Power Regulating (FTPR) algorithm for the control system of the microwave curing prototype developed in the MCure project. An analytical expression to estimate the microwave curing power required for a patch repair has also been derived by the authors [25] . The MCure prototype has been successfully used in field trials to microwave cure repair patches 1 m 9 1 m 9 64 mm thick [31] . The next stage of development of the MCure prototype will be an industrial mobile system. The maximum microwave curing temperature of a repair patch should not exceed the recommended 40-45°C value [24, 25] . Consequently, at higher ambient temperature, the temperature differential DT available for microwave heating is reduced. The long term reduction in strength will depend on the maximum curing temperature, not on the ambient. The reduction of long term strength with high temperature curing is recognised in concrete practice [5] , although it is less pronounced with microwave curing.
Conclusions
The following conclusions are based on the results presented in this paper on repairs applied under ambient temperatures 20, 10 and 2°C and microwave cured for 45 min immediately after repair application.
• Microwave curing of the fresh repair has no negative effect on the repair/substrate interfacial bond strength at 28 days age. In many cases, the bond strength of the microwave cured repair is slightly higher than normally cured repair.
• The bond strengths of the normally and microwave cured commercial Repair Materials (1, 2 • Microwave curing to about 40°C reduces the 28 day compressive strength relative to the normally cured repair materials by an average of 6.75%.
• Microwave exposure of the substrate during curing of the repair has no adverse effect on its compressive strength.
The following conclusions apply to microwave curing of repairs applied at -5°C.
• A short period of microwave curing of the fresh repair followed by sub-zero temperature exposure provides significantly higher bond strength at 28 days compared to control samples exposed to normal curing at -5°C. 
